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In preparation for meiotic chromosome 
segregation, homologous chromo- 
somes need to pair, synapse (i.e., assemble 
the synaptonemal complex, SC), and then 
recombine to generate a physical linkage 
(i.e., chiasma) between them. In many 
organisms meiotic pairing capacity distri- 
buted along the entire chromosome length 
supports presynaptic alignment. In con- 
trast, the prevailing model for C. elegans 
proposes that presynaptic homologous 
pairing is performed solely by a master 
pairing-site, the pairing center (PC). In this 
model, the remaining chromosomal 
regions (the non-PC regions) are not 
actively involved in presynaptic pairing, 
and the SC assembling from the PC aligns 
the homologous chromosomes along non- 
PC regions and holds them together. Our 
recent work, however, demonstrates that 
C. elegans chromosomes establish presy- 
naptic alignment along the entire chromo- 
some length, suggesting that the non-PC 
regions are also actively involved in the 
presynaptic pairing process. Furthermore, 
we have also discovered that the chromo- 
domain protein MRG-1 facilitates this 
presynaptic non-PC pairing. The pheno- 
type of the mrg-1 mutant indicates that the 
PC and the non-PC collaborate in success- 
ful pairing and synapsis. Therefore, homo- 
logous pairing mechanisms in C. elegans 
possibly share more similarity with those in 
other organisms than previously thought. 
Here, we elaborate on these observations 
and discuss a hypothetical model for 
presynaptic pairing in C. elegans based on 
our novel findings. 



Meiosis is the specialized cell division that 
generates a haploid genome of gametes 
(sperm and eggs) from a diploid genome of 
germ cells. A unique feature of meiosis is 



segregation of homologous chromosomes 
during meiosis I, while meiosis II func- 
tions to segregate sister chromatids ana- 
logous to mitosis. Successful meiosis I is 
ensured by crossover formation (reciprocal 
chromatid exchange) between homologous 
chromosomes, 1 which requires accurate 
pairing and assembly of the synaptonemal 
complex (SC) 2 between them. Because no 
pairing between homologous chromo- 
somes usually exists before meiotic entry, 
establishment of homologous pairing at 
the beginning of meiotic prophase serves 
as an essential basis for meiosis (Fig. 1). In 
recent years there has been rapid progress 
in our understanding of the molecular 
mechanisms for later steps such as SC 
formation and meiotic homologous 
recombination. However, the molecular 
mechanisms for homologous pairing, par- 
ticularly homology recognition, remain 
poorly understood. 3 

Although many aspects of homologous 
pairing remain a mystery, it is now well 
established that a conserved chromosome 
movement during meiosis contributes to 
homologous pairing: a part of a chromo- 
some (usually telomeres) is tethered to the 
nuclear envelope (NE), and the mecha- 
nical forces generated by the cytoskeleton 
outside the nucleus are transmitted to 
chromosomes via NE-associated and other 
proteins to move chromosomes. 4 ' 5 Such 
chromosome movement is proposed to 
facilitate both chromosome encounters 
and dissociations, thus promoting the 
homology search. This model implies that 
there is a mechanism that selectively 
stabilizes the association between homo- 
logous chromosomes, but not between 
non-homologous ones. However, how 
such selective stabilization operates is 
poorly understood. Considering the fact 
that the SC assembles even between 
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Figure 1. Schematic diagram of meiosis. Faithful segregation of homologous chromosomes is 
supported by multiple events in meiotic prophase. Red and magenta lines show homologous 
chromosomes. The orange line is the chromosome axis, and the green lines are the SC central 
structure. Blue arrowheads show the direction of chromosome or chromatid segregation. 



non-homologous chromosomes, it is 
unlikely that the SC is the primary means 
of distinguishing homologous vs. non- 
homologous association. Consistently, 
cytological observations support the pres- 
ence of presynaptic stabilization of homo- 
log association in the absence of, or prior 
to, SC formation. 6,7 What molecular 
mechanism supports presynaptic stabiliza- 
tion? Meiotic DSB formation and its 
repair by homologous recombination 
(HR) may stabilize the interaction 
between homologous chromosomes 
through physical linkage created by DNA 
strand exchange, although the exact mech- 
anism has not yet been elucidated. In 
addition, as evidenced by the capacity for 
successful homologous pairing and syn- 
apsis even in the complete absence of 
meiotic DSB formation in C. elegans 8 and 
the fruit fly Drosophila, 9 there is clearly a 
DSB-independent, and thus HR-inde- 
pendent, mechanism for homologous 
chromosome pairing. Although the 
molecular nature of this mechanism is 
poorly understood, a DSB-independent 
mechanism apparently exists in a wide 
variety of organisms, because some level of 
homologous pairing is reported in mutants 
defective in DSB formation and/or HR 
even in yeast, which primary relies on the 
DSB-dependent mechanism. 10 " 13 In this 
regard, C. elegans, which primarily relies 
on the DSB-independent pairing, is an 
excellent model to study this mysterious 
pairing mechanism. 

During meiotic prophase in C. elegans, 
the pairing center (PC), a cis-acting 
element unique to this organism, func- 
tions as an equivalent of telomeres of 
other organisms and tethers the chro- 
mosome end to the NE. 5 Each C. elegans 
chromosome has one PC near one end of 



the chromosome. During the presynaptic 
stage, the outer NE protein ZYG-12 and 
the inner NE protein SUN-1 interact with 
each other, forming patches on the NE. 
These ZYG-12/SUN-1 patches colocalize 
with PC-binding proteins (ZIM-1, -2, -3 
and HIM-8) that are bound to specific 
repeat sequences within the PC. 14 ZYG- 
12/SUN-l patches move dynamically as a 
result of forces dependent on cytoplasmic 
dynein, 15 presumably promoting chromo- 
some encounters and dissociations. 
Although presynaptic pairing (i.e., SC- 
independent pairing) is strongly stabilized 
at the PC loci, 16 it appears that the PC 
proteins by themselves do not define the 
pairing specificity because two PC proteins 
(ZIM-1 and ZIM-3) are shared between 
two chromosomes (II and III, and I and 
IV, respectively) but these chromosomes 
do not show non-homologous pairing. 17 
This observation suggests that the PC 
target sequence is not sufficient and that 
PC neighboring loci unique to each 
chromosome are also necessary to define 
chromosome identity in pairing. It should, 



however, be noted that artificial recruit- 
ment of the PC proteins ZIM-2 and 
HIM-8 to a high-copy target sequence 
array integrated into two chromosomes 
(V and X) leads to highly efficient 
presynaptic non-homologous association 
between them. 14 Therefore, the PC pro- 
teins have a certain potency to stabilize 
presynaptic interaction, at least in this 
artificial overloading condition. In addi- 
tion, even in the non-PC regions PC target 
sequence are present 14 and PC protein 
loading occurs albeit at a lower density, 18 
suggesting that the PC protein might 
directly stabilize presynaptic pairing in 
the non-PC regions. As a separate function 
from stabilization of presynaptic pairing, 
the PC also promotes SC formation. 19 

Based on this dual function of the PC, 
the following model has been proposed 
(Fig. 2A, master pairing-site model): (1) 
the PC is the master pairing-site for 
presynaptic pairing, and successful homo- 
logous pairing triggers SC assembly at the 
PC; (2) as the SC assembly extends from 
the PC to non-PC region, a pair of 
homologous chromosomes are zipped up 
to establish full alignment of chromo- 
somes. 19 In this model, non-PC chromo- 
somal regions do not actively participate in 
the presynaptic pairing process, and thus 
full presynaptic alignment along a 
chromosome does not occur in C. elegans. 
However, a few previous studies suggested 
that non-PC regions could potentially 
participate in presynaptic pairing, albeit 
in a minor role. 19 ' 20 If this is the case, 
pairing activity intrinsic to the non-PC 
region would exist, and there could be the 
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Figure 2. Alternative models of homologous chromosome association and SC formation. 
PC, pairing center; SC, synaptonemal complex; MT, microtubule; NE, nuclear envelop. 
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capacity to support presynaptic full align- 
ment (Fig. 2B, a collaborative pairing 
model). Careful evaluation of the validity 
of these two models is critical, because 
presynaptic pairing performed by a solo 
master pairing-site is rather exceptional 
and many organisms show a more colla- 
borative mode of pairing in which the 
pairing activity is distributed along the 
entire length of a chromosome. 6 ' 7 ' 21 
However, the role of pairing of the non- 
PC regions in C. elegans has been often 
disregarded due to the dominant role of 
the PC. Moreover, investigation of pre- 
synaptic full alignment in C. elegans has 
been technically difficult because locus- 
specific fluorescent in situ hybridization 
(FISH), which has been conventionally 
used to assess pairing status, is not suitable 
for demonstrating homologous pairing 
along the entire length of a chromosome. 
Therefore we have recently developed a 
method to apply chromosome paint to a 
whole mount gonad of C. elegans in order 
to analyze chromosome alignment. 18 We 
examined a three-dimensional (3D) ren- 
dering image of chromosome paint that 
was reconstructed from optical sections of 
the syp-1 mutant that is capable of forming 
a chromosome axis but completely defect- 
ive in SC central region assembly. From 
this analysis, it became clear that presy- 
naptic full alignment exists in C. elegans 
(Fig. 3). Moreover, this full alignment was 
not merely a rare observation, but was 
observed in a significant fraction (20- 
30%) of nuclei in mid meiotic prophase. 
This finding strongly suggests the presence 
of pairing activity intrinsic to the non-PC 
regions in C. elegans. 

What molecular mechanism supports 
non-PC pairing activity? A clue to this 
question came from our recent study, 22 in 
which we found that a chromodomain 
protein, MRG-1, facilitates presynaptic 
full alignment activity, possibly in a direct 
manner. This molecule was discovered in a 
RNAi screen that targeted the pairing 
process using a GFP reporter system 23 to 
monitor in vivo pairing status and utiliz- 
ing the whole genome RNAi library of 
C. elegans. In loss-of-function mutants of 
mrg-1 (RNAi or qa6200, a putative null 
allele), homologous pairing is decreased 
specifically in the non-PC regions (but not 
at the PCs) of autosomes. The absence of a 
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Figure 3. Presynaptic full alignment. 
Chromosome // in syp-1 mutant is painted 
with three fluorophores as in the diagram 
at the bottom, with (A) or without (B) DAPI 
staining in white. Three-dimensional recon- 
struction of two nuclei is shown; no pairing 
(left) and full alignment (right). Scale grid: 
1 jam unit square length. 



pairing defect for the X chromosome in 
the mrg-1 mutants correlates with the 
absence of MRG-1 protein on the X 
chromosome and suggests direct involve- 
ment of MRG-1 in the homologous 
pairing process. Presynaptic full alignment 
is significantly decreased, but presynaptic 
PC pairing is not affected in the mrg-1 
mutant, indicating that MRG-1 facilitates 
presynaptic pairing activity intrinsic to the 
non-PC regions. The phenotype of mrg-1 
also points to the importance of presynap- 
tic pairing in non-PC regions for proper 
SC assembly. Since the PCs successfully 
pair and synapse between homologous 
partners in the mrg-1 mutant, the prevail- 
ing master pairing-site model predicts that 
the homologous non-PC regions would be 
brought together as the SC assembles from 
the PC toward the non-PC, and thus 
establish proper homologous synapsis 
along the entire length. This is clearly 
not the case in the mrg-1 mutant, in which 
homologous synapsis at the PC and non- 
homologous synapsis in the non-PC 
regions coexist. Therefore, proper homo- 
logous pairing supported by pairing 
activity intrinsic to non-PC regions is 
necessary to ensure proper synapsis along 
the entire length of a chromosome. This 



observation further strengthens the colla- 
borative pairing model: C. elegans chromo- 
somes are not relying on just a single locus 
(the PC), but instead both the PC and the 
non-PC regions collaborate to ensure 
proper homologous interaction during 
meiotic prophase. 

How does MRG-1 facilitate presynaptic 
homologous association? Regarding a 
molecular function, the orthologs of 
MRG-1 in other organisms (yeasts 24 ' 25 
and humans 26 ' 27 ) are known to be a com- 
ponent of complexes containing multiple 
proteins, many of which are histone- 
modifying enzymes. These MRG-1 ortho- 
logs bind to di- or tri-methylated histone 
H3K36 (H3K36me2/3) via their chromo- 
domain. 28 ' 29 MRG-1 of C elegans likely 
functions in pairing in a similar manner, 
since it is known that H3K36me2/3 
modification is enriched on autosomes. 30 
Therefore, it is possible that histone 
modification could be involved in selective 
stabilization of homologous chromosome 
association. As for a cellular mechanism, 
because our knowledge of the mechanism 
for homology recognition is very limited, 
we cannot simply place MRG-1 in a 
known context. Thus, we need to first 
develop a conceptual framework of homo- 
logy recognition that incorporates our 
cytological observations both in the wild 
type and the mrg-1 mutant, as well as 
previously reported observations. 

Our speculative model hypothesizes two 
types of force for presynaptic homologous 
pairing: one that mechanically moves 
chromosomes (Fm) and one that holds 
chromosomes (Fh). The Fm would 
randomly move chromosomes and conse- 
quently facilitate both chromosome 
encounters and dissociations. An example 
of the Fm is that driven by the PC-SUN- 
1 -ZYG- 1 2-dynein-based mechanism, 
which applies equally to all chromosomes. 
Theoretically, any forces that move 
chromosomes directly or indirectly, even 
Brownian motion, could contribute to the 
Fm, and the Fm would be the summation 
of multiple forces produced by different 
mechanisms. At the beginning of presy- 
naptic pairing, the Fm could promote 
chromosome interaction by increasing the 
chance of their encounter. Once chromo- 
somes encounter each other and start to 
transiently interact, the Fh kicks in and 
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stabilizes their association, while the Fm 
now could function to discourage chromo- 
some interaction due to its random nature. 
At this stage the Fm and the Fh could be 
opposing each other, and the power 
balance between the Fm and the Fh 
determines the stability of presynaptic 
chromosome interaction. Although it is 
purely hypothetical, the presence of the 
Fh, at least in C. elegans, is strongly 
suggested by the observations that chromo- 
somes establish presynaptic full align- 
ment 18 in the presence of their dynamic 
movement driven by SUN-KASH- 
dynein. 15 ' 31 ' 32 The exact mechanism 
generating the Fh is not known, particu- 
larly in C. elegans in which the DSB- 
independent mechanism is primarily 
operating. 8 In DSB-dependent pairing, 
DNA strand invasion during HR repair 
between homologous chromosomes could 
generate the Fh. For DSB-independent 
pairing, there are many candidates that 
could theoretically generate the Fh. For 
example, the Fh could be generated 
through DNA-DNA direct interaction, 33 
protein-mediated interaction, 34 or a tran- 
scription coupled RNA-mediated mecha- 
nism. 35 Like the Fm, the Fh could be the 
summation of the forces generated by 
multiple mechanisms. According to this 
model, if Fm < Fh, chromosome inter- 
action is stabilized and chromosomes 
would stay associated. If Fm > Fh, the 
chromosomes would dissociate from each 
other. Successful homologous pairing 
would be supported by conditions where 
the Fh between homologous chromosomes 
(Fh-hom) is stronger than the Fm, while 
the Fh between non-homologous (hetero- 
logous) chromosomes (Fh-het) is weaker 
than the Fm (i.e., Fh-het < Fm < Fh- 
hom). Although Fm and Fh-hom should 
be positive values, Fh-het could be any 
value, including a negative value (i.e., 
repulsion between non-homologous 
chromosomes) or zero in the wild type. 
However, at least in mutants that exhibit 
non-homologous synapsis, Fh-het would 
be a positive value, otherwise it would be 
difficult to initiate SC assembly between 
non-homologous chromosomes. 

In this model, the mechanism ensuring 
the proper power balance among these 
forces represents the mechanism that selec- 
tively stabilizes homologous association, 



and thus "recognizes" homology between 
chromosomes. Therefore, any changes that 
disturb the balance between these forces 
could result in defective homologous 
pairing. Among these, the condition of 
Fm < Fh-het would lead to erroneously 
stable non-homologous association, which 
could further lead to non-homologous 
synapsis. Therefore, we speculate that the 
mrg-1 mutation creates a condition in 
which Fm < Fh-het, resulting in a 
decrease in presynaptic homologous pair- 
ing and the presence of non-homologous 
synapsis. 22 This condition can result from 
either (1) a decrease in the Fm, or (2) an 
increase in the Fh-het (or Fh in general), 
or both (1) and (2). In the mrg-1 mutant, a 
general decrease in the Fm appears to be 
unlikely, because the Fm not only dis- 
sociates chromosomes but also promotes 
homolog encounters. If the Fm is 
decreased in the mrg-1 mutant, homolog 
encounters would be less efficient even at 
the PC, as seen in the loss-of-function 
mutant of dynein. 15 However, PC pairing 
and synapsis is not affected in the mrg-1 
mutant, 22 indicating that an intact Fm is 
applied, at least to the PC. Although a 
general decrease in the Fm applied to the 
PC is unlikely, there could be irregular 
local decreases in the Fm in the mrg-1 
mutant. A partially condensed chromosome 
in meiotic prophase could be regarded as a 
flexible and elastic rod-shaped object with a 



certain stiffness, analogous to a condensed 
mitotic chromosome. 36 When such an 
object moves in a viscoelastic fluid, the 
nucleoplasm, it could receive significant 
viscous resistance as shown with the inter- 
phase nucleoplasm. 37 In such a case, the Fm 
applied to one end (i.e., the PC) of a 
chromosome would move that end very 
efficiently, but not the other (non-PC) end 
depending on the stiffness of chromosomes 
and the viscoelasticity of the nucleoplasm. 
MRG-1 might support proper transmission 
of the Fm to the non-PC regions through 
the regulation of chromosomal properties 
(e.g., chromosome stiffness). In this scena- 
rio, even when an intact Fm is applied to the 
PC, the non-PC region might receive 
an irregularly smaller Fm in mrg-1 than 
in the wild type, which could lead to 
Fm < Fh(-het) in the non-PC regions. As 
mentioned above, the other scenario is an 
increase in Fh(-het) that overwhelms Fm. In 
this scenario, MRG-1 might be involved in 
modulation of Fh (either Fh-het selectively 
or the Fh in general), and in the mrg-1 
mutant the Fh(-het) might be increased 
compared with the wild type and exceeds the 
Fm, making association between non- 
homologous chromosomes more stable 
(i.e., making chromosomes stickier). These 
two scenarios are not mutually exclusive. 
Consequently, either one or both of them 
would create the situation in which it is 
more difficult to dissociate non-homologous 
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Figure 4. A model hypothesizing the correct balance between the force moving chromosomes 
(Fm) and the one holding chromosomes (Fh) for selective stabilization of homologous- 
chromosome interaction. 
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chromosomes in non-PC regions than at the 
PCs in the mrg-1 mutant (Fig. 4). Future 
investigation that carefully examines the 
presence of presynaptic non-homologous 
association in the mrg-1 mutant and 
deciphers these two opposing putative forces 
(Fm and Fh), in addition to studies 
addressing the molecular basis of these 
forces, particularly the Fh, will reveal the 
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